Introduction {#Sec1}
============

Porcine epidemic diarrhea virus (PEDV) belongs to the genus Alphacoronavirus in the family Coronavirus. PEDV is spherical and has a diameter of approximately 130 nm \[[@CR1]\]. PEDV is a single-stranded positive-sense RNA genome with a size of approximately 28 kb that encodes four separate structural proteins: the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins. The S protein is a vital protein for regulating the recognition and interaction between specific cell receptors and the virus as well as for inducing neutralizing antibody generation. The M protein, however, is the essential component for viral assembly \[[@CR2], [@CR3]\]. The E protein likely facilitates the release of the assembled virions. The presence of both the E protein and the M protein is sufficient for the formation and release virus-like particles \[[@CR4]\]. The N protein is essential for viral transcription but is not necessary for the formation of virus-like particles \[[@CR5]\].

Porcine epidemic diarrhea (PED) was first reported in Europe in the early 1970 sand has since caused great economic losses for the swine industry in Asia \[[@CR6]--[@CR10]\]. It has become an endemic epizootic in Asia in recent decades and causes 80--100% mortality in neonatal piglets. However, the disease had never occurred in American countries until 2013. PEDV emerged in the United States in 2013 and has since swept across North America, including Canada and Mexico, resulting in the deaths of more than 8 million newborn piglets in the United States alone during that 1-year epidemic period \[[@CR11]--[@CR14]\]. PEDV is one of the most devastating viral diseases affecting swine in the world and has caused significant financial effects on the global pork industry.

There are no effective PED vaccines or drugs, and some veterinarians have suggested that feedback material is a fundamental strategy to control PED during epidemic or endemic outbreaks. One of the most important measures for controlling PED outbreaks is vaccination. To date, there are the China CV777-attenuated or inactivated vaccines, the Japanese P-5 V live vaccine, the Korea SM98-1 live or killed vaccine, and the DR-13 oral live vaccine \[[@CR3], [@CR15], [@CR16]\].

Recent vaccine candidates have been engineered to be replication-deficient or a virulent, which has eliminated the risks associated with live-attenuated vaccines regaining virulence. Other PEDV candidate vaccines that are currently being developed include spike (S) protein nanoparticles \[[@CR17]\] and a modified tobacco mosaic virus(TMV)based on the full-length S DNA and S1 subunit protein \[[@CR18]\], which both induce neutralizing antibodies against PEDV. Strong cellular and humoral immune responses are elicited by these vaccines, which can be administered orally. However, there is existing immunity against the viral vector. The inactivated vaccine is safe, and the production procedures are simple, but this vaccine only elicits a Th2-bias immune response and requires a specific adjuvant. The live-attenuated vaccine can induce strong cellular and humoral immune responses, but there is a risk of virulence reversion \[[@CR19]\]. Virus-like particles (VLPs) are composed of one or more viral structural proteins, and their morphologies closely resemble the native virus. VLPs have no risks of reversion to virulence and can elicit robust immune responses compared with inactivated or live-attenuated virus vaccines \[[@CR20], [@CR21]\]. Furthermore, VLPs can be generated through artificial methods for any pathogen.

It has been reported that the MERS-CoV S protein is essential for inducing neutralizing antibodies, but the S and M proteins alone cannot assemble into VLPs \[[@CR22], [@CR23]\]. The M protein is necessary for VLP composition, and the E protein is important for VLP assembly \[[@CR24]\]. Thus, the PEDV S, M, and E proteins are necessary for VLP assembly via co-expression in Sf9 cells.

In this study, we used a baculovirus expression system to successfully construct a recombinant baculovirus containing the spike (S), membrane (M), and envelope (E) protein genes. We obtained self-assembling VLPs by infecting Sf9 cells with this recombinant baculovirus. Then, we demonstrated the structural integrity of the VLPs and evaluated their immunogenicity in mice. Our results have established the foundation for the development of effective vaccines against PEDV.

Materials and methods {#Sec2}
=====================

Viruses and cells {#Sec3}
-----------------

Vero cells were cultured in DMEM (Gibco, Grand Island, USA) in a culture bottle at 37 °C and 5% CO~2~. Sf9 cells were cultured with TNM-FH medium (Sigma, New York, USA) in plates at 27 °C. PEDV was a gift from Professor Hu Guixue from Jilin Agricultural University.

Construction of the recombinant plasmid and indirect immunofluorescence assay (IFA) {#Sec4}
-----------------------------------------------------------------------------------

The epidemic isolate(AH2012 strain) was chosen, and the PEDV full-length S, M and E genes were optimized for Sf9 cell expression by Sangon Biotech. The optimized S, M, and E genes were cloned into the modified pFastBac Dual plasmid. Then, the recombinant plasmid was transformed into DH10Bac. The recombinant bacmid was then obtained by blue-white spot screening as previously described \[[@CR22]\].

An indirect immunofluorescence assay was performed to determine whether the desired proteins were expressed in the Sf9 cells infected with recombinant baculovirus. This method has been described previously \[[@CR22]\]. Briefly, the infected Sf9 cells were cultured at 27 °C for 48 h and then fixed with pre-cooled 4% paraformaldehyde for 30 min. Then, the cells were washed three times with PBST. Subsequently, the cells were incubated with mouse polyclonal antibodies against the S, M, and E PEDV proteins for 1 h. Next, the cells were washed three times with PBST. Finally, the cells were incubated with FITC-labeled goat antibody (Sigma, Ronkonkoma, New York, USA) against mouse IgG containing 0.3% Evans blue at 37 °C for 1 h. The cells were observed with a fluorescence microscope after three washes with PBST.

Production and purification of VLPs {#Sec5}
-----------------------------------

The constructed recombinant Bacmid containing the S, M, and E protein genes was transfected into Sf9 cells. At 96-h post-infection (hpi), the desired recombinant baculovirus was harvested, and the baculoviral titers were determined using a BacPak Baculovirus Rapid Titer Kit (Clontech, California, USA) for determining the inoculation dose when the VLPs are produced by cultivation in large quantities. Sf9 cells were infected with recombinant baculovirus at 96hpi, after which the PEDV VLPs were harvested. The supernatants were cleared of cell debris by centrifugation at 30,000×*g* for 1 h. Then, the supernatants crossed a 30--50% discontinuous sucrose gradient to isolate the VLPs; this procedure was previously described \[[@CR25]\].

Western blot analysis {#Sec6}
---------------------

To further evaluate PEDV VLP expression, we performed a modified Western blot assay \[[@CR26]\]. The harvested VLPs were boiled for 10 min and then separated via SDS-PAGE. Then, the VLPs in the gel were transferred to a pure nitrocellulose blotting (NC) membrane (GE Healthcare Life Sciences, Kent, UK) for 1 h at 20 V. The membrane was blocked in blocking buffer (Thermo, Massachusetts, USA) for 90 min at room temperature. Next, anti-S, -M, and -E mouse polyclonal antibodies were incubated with the membrane for 18 h at 4 °C. The membrane was then washed three times with PBST and incubated with goat anti-mouse IgG-conjugated HRP (Sigma, Ronkonkoma, New York, USA) for 1 h, after which it was washed three times, and protein expression was visualized using an ECL system (Thermo, Massachusetts, USA).

Electron microscopy {#Sec7}
-------------------

PEDV VLPs were coactivated with 1% sodium phosphotungstate for 5 min. Superfluity was pruned away with filter paper, and the samples were then examined using transmission electron microscopy.

Immunization studies {#Sec8}
--------------------

Six-week-old female BALB/c mice were purchased from the Changchun Animal Breeding Center for Medical Research (Changchun, China). The mice were randomly separated into three groups(10 mice/group). One group was immunized with 25 μg purified VLPs per mouse by intramuscular injection at two-week intervals, the second group with PBS alone as the negative control, and the last group with killed PEDV (Fig. [3](#Fig3){ref-type="fig"}a).

Microneutralization assay {#Sec9}
-------------------------

Blood samples were collected every 2nd week after immunization. The disposal method used for the samples was described previously \[[@CR22]\]. The serum levels of specific virus neutralization antibodies (VNA) were examined by serum microneutralization (SN) assays using Vero cells as previously described \[[@CR27]\]. Briefly, the serum samples were serially diluted twofold in DMEM without penicillin--streptomycin and serum, and then incubated at 37 °C for 1 h in a 5% CO~2~ incubator after mixing with 100 TCID50 of the virus stock. These samples were then mixed with Vero cells. After 48 h, the highest serum dilution with no cytopathic effects was determined to be the serum-neutralizing antibody titer.

ELISpot assay {#Sec10}
-------------

During the second week of the first booster vaccination, red cells were isolated and disrupted, and the splenocytes were successfully separated. After washing twice with RPMI-1640 medium (Gibco, Grand Island, USA)containing 10% fetal bovine serum and 1% penicillin--streptomycin, 5 × 10^5^ splenocytes per well were cultured in RPMI-1640 and simultaneously stimulated with inactivated PEDV in a 96-well ELISpot plate (MABtech, Stockholm, Sweden) at 37 °C in a 5% CO~2~ incubator for 48 h. The other assay was carried out according to the manufacturer's instructions. The amount of splenocytes producing IFN-γ and IL-4 was illustrated with spot-forming cells using an ELISpot reader (ELISPOT READER SPECTRUM, AID, Germany) as described previously \[[@CR28]\].

Statistical analysis {#Sec11}
--------------------

One-way and two-way ANOVA were used for the statistical analysis. A *P* value less than 0.01 (*P* \< 0.01) was deemed to display a high degree of statistical significance between the treatment and control groups.

Results {#Sec12}
=======

The construction of the recombinant plasmid and the identification of recombinant baculovirus {#Sec13}
---------------------------------------------------------------------------------------------

The modified pFastBac Dual vector containing the PEDV S, M, and E genes was successfully constructed (Fig. [1](#Fig1){ref-type="fig"}a), allowing us to obtain the recombinant bacmid.Fig. 1Sketch map of the constructed co-expression plasmid the PEDV S, M and E proteins expressed in Sf9 cells.**a** The PEDV S, M and E genes were cloned into the different sites in the modified pFastBac-Dual vector. The PEDV S, M and E proteins expressed in Sf9 cells are shown by IFA**b**--**d** and**e**--**g** are the negative controls. Western blot analysis was used to evaluate the components of the purified VLPs (**h**--**j**).

The PEDV S, M, and E genes were expressed in Sf9 cells as shown by indirect immunofluorescence assay(Fig. [1](#Fig1){ref-type="fig"}b--d, respectively). Western blot was used to further prove that the VLPs were assembled with S, M, and E proteins. The S, M, and E bands are shown in Fig. [1](#Fig1){ref-type="fig"}h--j, respectively.

Morphological observations of PEDV VLP {#Sec14}
--------------------------------------

The recombinant baculovirus expressing the genes of interest was maintained by transfecting Sf9 cells and passaging them three times. The PEDV VLPs were produced by Sf9 cells infected with the recombinant baculovirus, and their morphology was observed by transmission electron microscopy. The purified PEDV VLPs were harvested using inconsecutive sucrose gradient centrifugation for further studies.

Under TEM, the shape and size of the VLPs were similar to those of the naïve virus (Fig. [2](#Fig2){ref-type="fig"}a). The shape of the VLPs was similar to a sphere with a diameter of approximately 150 nm; there was also a spike protein around the sphere (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2PEDV and PEDV VLPs morphological observations under TEM.**a**,**b** The morphologies of the PEDV and PEDV VLPs respectively via TEM

PEDV VLPs induce neutralizing antibodies in mice {#Sec15}
------------------------------------------------

The neutralizing anti-PEDV antibody levels in serum from immunized mice were measured. The titers were 3 and 4 two weeks after the first vaccination with VLPs and inactivated PEDV, respectively. The titers were 24 and 54 after the first booster vaccination and 563 and 282 after the second booster vaccination (Fig. [3](#Fig3){ref-type="fig"}b). In contrast, neutralizing anti-PEDV antibodies were not detected in the mock groups.Fig. 3Immunization procedure in mice and the serum neutralizing antibody assay.**a** Six-week-old mice were vaccinated via intramuscular injection with PBS, VLPs and inactivated PEDV. Blood samples were collected from the retro-orbital plexus puncture every 2nd week after immunization.**b** Serum-neutralizing anti-PEDV antibody titers. Differences among the groups were analyzed by two-way ANOVA. The titers were delegated on a log2 scale and are shown as the means ± SEM. (\*\*\*\**P* \< 0.0001)

PEDV VLPs significantly enhance Th2-mediated humoral immunity in mice {#Sec16}
---------------------------------------------------------------------

Changes in IFN-γ and IL-4 levels secreted by CD4^+^ T cells following vaccination were analyzed using an ELISpot assay. The results showed that secreted IFN-γ levels were not significantly different from those of the control (data not shown). In contrast, the secreted IL-4 levels were significantly different between the two groups (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4ELISpot assays for IL-4 secretion in splenocytes. PBS is the negative control group, and inactive PEDV and VLPs are the experimental groups. The statistical analysis among groups was performed by one-way ANOVA. A*p* value less than 0.5 and more than 0.01 was deemed statistically significant (\*0.01 \< *P* \< 0.5, \*\*\**P* \< 0.001)

Discussion {#Sec17}
==========

Due to the PEDV outbreak in the US in 2013, studying PEDV has become a major goal of animal virology scientists. Subsistent commercial vaccines currently cannot prevent infection in piglets \[[@CR29]\]. Live-attenuated virus vaccines are often less safe and require strict preservation. Inactivated vaccines are safe for use but induce only very-low-level immune responses. Therefore, the development of new vaccines is necessary.

In our study, a baculovirus expression system was used to produce PEDV VLPs. VLPs structurally and antigenically resemble the virus from which they are derived and can serve as effective stand-alone vaccines or vaccine platforms \[[@CR30]\]. To date, several VLP-based vaccines have been produced and commercialized, such as recombinant hepatitis B virus (HBV) \[[@CR31]\], human papillomavirus (HPV) vaccine \[[@CR32]\], human E virus (HEV) \[[@CR33]\], influenza virus \[[@CR34], [@CR35]\], and porcine circovirus type 2 (PCV2) \[[@CR36]\]. VLPs against RSV \[[@CR37]\], norovirus \[[@CR38]\], parvovirus B19 \[[@CR39]\], and malaria \[[@CR40]\] have also entered clinical studies. Many virus VLPs are in different study stages, including VLPs against rabies, hepatitis C virus (HCV), dengue virus, Nipah virus, bovine rotavirus, SARS-CoV, and MERS-CoV \[[@CR41], [@CR42]\].

Our preliminary results demonstrated that PEDV VLPs were successfully generated. The VLPs consisted of an eliciting neutralizing antibody S protein and an essential nucleocapsid that contained the M and E proteins. The appearance of the obtained VLPs was similar to that of naïve PEDV. Thus, the VLPs maintained a more perfect immunogenicity than that with other subunit vaccines. Furthermore, the VLPs are more secure than live-attenuated vaccines because they cannot replicate.

PEDV-neutralizing antibody formation is induced by VLPs' S proteins that contain B-cell-neutralizing epitopes \[[@CR43], [@CR44]\]. The M protein contains a conserved linear B-cell epitope that can elicit the formation of protective antibodies \[[@CR45]\]. We initiated experiments to determine the PEDV VLP immunogenicity in mice. A high anti-PEDV-neutralizing antibody level was induced in mice vaccinated with VLPs. Because no porcine model is available in our laboratory, we did not carry out further tests on pigs. This study was the foundation for further explorations that will test whether this vaccine is effective at preventing PEDV in pigs.

It is well known that IFN-γ is secreted by Th1 cells and regulates cellular immune responses and that IL-4 is secreted by Th2 cells and mediates the humoral immune response. The maturity of Th1 cells is also inhibited by IL-4. In our study, IL-4 levels were significantly enhanced relative to IFN-γ levels. However, IFN-γ levels were barely different from those of the control group. This demonstrated that Th1 cells were inhibited by the enhanced IL-4 levels and that the Th2 cell-mediated response was elicited by the PEDV VLPs. As mentioned above, IL-4 plays a leading role in the protection against PEDV infection. This conclusion is consistent with our previous observations \[[@CR46]\]. The literature suggests that the format of antigen binding with the adjuvant should be considered and that different adjuvants should be assessed. Different antigen formats correspond to different antigen--antibody complex formats; consequently, the stimulated T cells should secrete different cytokines and elicit different types of immune responses. The Th2-type immune response primarily activates B cells, and specific anti-antigen antibodies are secreted. Consequently, the relevant pathogens are eliminated, and the host is protected. By contrast, a biased Th2-type immune response can cause immunopathology \[[@CR47]\]. As such, this issue requires further study. Therefore, the ideal vaccine should be safe and effective for the host by containing the virus itself while minimizing deleterious effects in vaccinated animals.

In conclusion, this study developed PEDV VLPs assembled from viral S, M, and E proteins. The VLPs had superior immunogenicity and induced humoral immune responses in vaccinated mice. Additionally, higher levels of specific virus-neutralizing antibodies were obtained. We believe that VLP-based vaccines have the potential to prevent PEDV infections in the future.
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